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Abstract 

In quark potential models, two-body current contributions to baryon magnetic moments 
arise necessarily to satisfy the continuity equation for the electromagnetic current. On 
the other hand, the naive additive quark model predicts the experimental octet magnetic 
moments to within 5%. We demonstrate that consistently derived two-body current con¬ 
tributions to the octet baryon magnetic moments are individually large, but tend to cancel 
each other globally. 
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While the importance of two-body currents for electromagnetic properties of nuclei is 
clearly established [l|], the effect of two-body currents inside baryons is not very well un¬ 
derstood (see ref.0 and refs, therein). In this respect, the striking agreement of the naive 
constituent quark model predictions for the octet baryon magnetic moments (summing up 
the magnetic moments of three free quarks gives results as close as 5% to the experimental 
values H [|]) is quite surprising, and probably has hampered a systematic study of exchange 
currents in the baryons for some time. 

In some previous works two-body exchange current contributions to electromagnetic 
observables of the non-strange baryons || and the deuteron || have been studied in detail. 
The description of the full baryon octet involves the extension to non-equal quark masses 
in the Hamiltonian, the electromagnetic current operators and the baryon wave functions. 

In the chiral quark potential model (yQPM), a baryon is described as a nonrelativistic 
system of three constituent quarks. The quark dynamics is governed by two-body potentials. 
These potentials are motivated by the main properties of QCD || and some experimental 
facts, namely asymptotic freedom at short distances, chiral symmetry and its dynamical 
breaking at intermediate distances, and confinement at large distances. The spontaneous 
breaking of chiral symmetry is responsible for the constituent quark mass generation, as 
well as for the appearence of the pseudoscalar Goldstone pions or the pseudoscalar nonet 
in the case of three quark flavors. In the chiral quark potential model, this is modeled by 
a one-pion exchange potential between constituent quarks [7|, together with the exchange 
potential of its chiral partner, the scalar-isoscalar sigma meson |^l]l i |. 


The xQPM Hamiltonian in the case of three non-equal quark masses rn l is written as 


H = H 


p 


i= 1 


rrii H-—)- - -- + 'Y' V Con Yr *, r ? ) + Y' V Res (r *, r 7 ). (1) 

2m/ 2(m 1 + m 2 + m 3 ) 3 3 


The confinement potential is given by (A i are the Gell-Mann SU(3) color matrices) 


V Con /( r ., rj .) — —a c \i ■ A j (r.j — r/ 2 . 


( 2 ) 


x For a consistent treatment of chiral symmetry breaking one should include the exchange of the whole 
pseudoscalar nonet. In the present work, we neglect the Kaon and 77 -exchanges due to their higher mass. 
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The residual interactions comprise the chiral interactions at intermediate and the one-gluon 
exchange at short range. The nonrelativistic one-pion and one-sigma exchange potentials 
are: 
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where r = |r| = |r^ — |. Here cr; and t* denote the spin and isospin of the i-th quark, 

respectively. According to the chiral symmetry arguments in ref. [Q the parameters of the 
7r- (coupling only to u- and d-quarks) and the flavor-blind cr-meson are simultaneously 
fixed: 

izi _ ill _ m 2 ~ (2m ) 2 + u 2 A — A = A 151 

4vr “ 4vr “ UmJ 4vr ’ rn a - (2m u ) + p , A ff - A ff _ A. (5) 

We use 5^/471=13.845 and the pion mass p— 138 MeV. The cut-off A describes the range 

of the meson-quark interaction region, due to the finite sizes of the constituent quark and 

the mesons. The one-gluon exchange potential is used in the well known form of |J : 
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For the baryon wave functions, we use simple (Os) 3 harmonic oscillator states. The 
harmonic oscillator lcngthes bp and b ^ in the directions of the internal Jacobi-coordinates 
p = (ri — r 2 ) and A = r 3 + (mii*i + m 2 r 2 )/(mi + m 2 ) can be expressed in terms of quark mass 
ratios and the oscillator length bjy used for the nucleon and the A-resonance. The orbital 
part of the wave function $ 3 g(/i/ 2 / 3 ,p, A) depends on the 3 quark flavors /i,//,//, and the 
full wave function can be written as 


v a 12 =0 


E B C' S,a (/i/2/3)xJ > 3,(/i/2/3,P,A)x|/ 1 / 2 / 3 ))x|5,5,;5 12 >x| ” ). 

■ l V /l/2/3 J LJC 


(7) 


I/1/2/3) is the flavor part of the wave function, and the antisymmetry lies in the color space. 
The coefficients B C Sl2 (f 1/2/3) are SU(3) Clebsch-Gordan coefficients. These wave functions 


2 















can be found for example in j4|. We use a different overall sign for the mixed symmetric 
states than in [Q. 

In this form the yQPM has been used to calculate the nucleon and A spectrum (positive 
parity), and has also been applied to the NN system with a fair amount of success EMM- 
As usual, the parameters for the present calculation are fitted to the nucleon and A-resonance 
masses. 

The baryon masses mg are determined as the expectation values of Hamiltonian ([!]) for 
the wave functions (0). The result is shown in table 

Gauge invariance is the key requirement when calculating electromagnetic properties of 
the baryons. Any isospin- or momentum-dependent two-body potential in the Hamiltonian 
gives rise to additional two-body exchange current contributions to the total electromagnetic 
current. These two-body currents are necessary in order to satisfy the continuity equation 
for the electromagnetic current. Here, we list the electromagnetic currents, that have to 
be considered for consistency with our Hamiltonian of eq. ([[]). They have been derived in a 
number of papers [[|. || for the case of non-strange quarks. 

The nonrelativistic one-body current of the quarks of figure 1(a), referred to as impulse 
approximation, is given by 

Jim P (G,q) = i x Pi,e iqri ] + {Pi,e* q ' ri }). (8) 


In the SU(3)-flavor case the charge operator for pointlike quarks is 


e . = 5 [S. + S i + r« 


(9) 


where Bi= 1/3 is the baryon number and Si is the strangeness quantum number of the i-th 
quark. Within the picture of dressed quasi-particle constituent quarks it is necessary to 
introduce a finite electromagnetic size of the quarks P]. Motivated by the vector meson 


dominance picture [12], a possible parametrization for the electromagnetic quark size is to 


table 1 


table 2 


figure 1 
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multiply the expression for the quark charge by a simple monopole form. The electromagnetic 
constituent quark size r 2 q — 0.36 frn 2 (independent of SU(3)-flavor) is related to the vector- 
meson mass, and is taken from the calculation of the charge radii of the nucleons 0. We 
multiply the expressions for the current operators by the electromagnetic quark form factor 


„2 ,y,2 ^ _l 

F-M) = ( 1 + V s 


( 10 ) 


For the pion, due to its isospin structure, we get the well known pion-pair ( nqq ) current, 
figure 1(b), and the isovector pionic (77T7 t) current, figure 1(c): 
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For the pionic current we have used the abbreviations R = (rj + r,,)/2, z m (q, r) = L m r+ivrq, 
and L m (q,v ) = [|g 2 (l — 4u 2 ) +m 2 } 1 ^ 2 . We use the same monopole form factor of eq.fllOl) for 
the extended photon-pion vertex as for the photon-quark vertex. 

The gluon-pair current of figure 1(d) is given by 

1 
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( 12 ) 


The gluon-pair current is related to the spin-orbit part in eq. (jB|). As discussed in (2|], one 
should then for consistency also consider two-body currents corresponding to the scalar 
confinement- eq. (|2|) and sigma-potentials eq.([|), in the following generically denoted as Vq . 
Including the lowest order relativistic corrections leads to the following structure of 

the scalar exchange potential: 
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Also from the baryon mass spectroscopy and the NN phase shift analysis, these spin-orbit 
terms in the scalar potentials seem to be needed O, 


Similarity to the gluon case, they 
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provide by minimal substitution a two-body confinement and sigma-pair current, see figure 
1(e). This current can be expressed by use of V Con f of eq.(|D as: 

Jconf(ri, Tj, q) = -{^ 2 e * qri V ° 0nf l<J i xq+(if4j)} . (14) 

By analogy [5j], we have to replace V Con f in (PH) by the potential V OSEP of eq.(|J) to obtain 
the sigma-pair current. 

Calculating the magnetic form factors involves taking matrix elements of the above cur¬ 
rents. The full form factor can be written as a sum 


F B (<f)=Fg np + F^ + F^ + F^ + FS ml + F^ . (15) 

The different contributions to the magnetic moments ii B = F B ( q 2 = 0) for the octet baryons 
as calculated with the parameters of table |l] are given in table |3]. 


First we recognize that the individual two-body currents contributions are rather large, 
especially the gluon and confinement part. 

We find a slightly better overall agreement of our total result with the experimental values 
in comparison to the impulse result alone. We should stress, that none of the parameters is 
fitted to the baryon magnetic moments, but to the nucleon and A-masses, and that these 
parameters allow to describe also the static deuteron properties ]10| with reasonable accuracy. 
By varying the constituent quark masses (for example m u =324 MeV, m u /m s = 0.6), we could 
improve our total result to get the aforementioned 5% agreement without giving up the good 
agreement for the baryon masses. 

Because the isovector pion-pair and pionic currents largely cancel each other (for the 
proton we find /jW=-0.29 n .m. and /i^ 7r =0.41 n.m.), the pion cloud gives only a small 
correction for the nucleon magnetic moment^]. To the charged S ± only the small isoscalar 
pion-pair current contributes. 


2 We expect (in addition to a suppression due to the rather big Kaon mass) the same cancellation of the 
Kaon-pair current and the ”Kaon-in-flight” contribution. This can be considered as further justification for 
our exclusion of Kaon and r) degrees of freedom in the present calculation. 


table 3 
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The second cancellation occurs between the gluon-, confinement- and cr-pair currents. 
This cancellation is clearly favored for a quark core radius b n ~ 0.6 fm. This value for bjy 
is also obtained from the variational principle 9M g b ^ N ' ) = 0 for (Os) 3 shell model trial wave 
functions [|fl. Furthermore, one can establish in this basis a relation between the neutron 
charge radius and the nucleon-A mass-splitting < r 2 > n = —b 2 N AIa ai ^ 1n , which is fulfilled 
for Av=0.612 fm [|2|. The choice of b n ~ 0.6 fm is therefore the most consistent one in the 
restricted basis of (0s) 3 -states. Taking for example b n = 0.5 fm would completely spoil these 
cancellations, and we would find for the proton a magnetic moment of /i p ~ 5.6 n.m. Another 
point to mention at this stage is, that the two-body current associated with a vector rather 
than a scalar confinement has the same sign as the gluon exchange current for all the octet 
baryons, i.e. the wrong sign to cancel the large gluon contribution. This has been observed 
before 0 for the case of the proton and neutron magnetic moments. 

Let us now study the magnetic radii. The magnetic radii of hadrons provide valuable 
information about the inner structure of hadrons. In particular, they provide a further test 
of the gluon, pion, and scalar exchange currents discussed here. In table [|, we present the 
magnetic radii 


(rY 


6 dF B (q 2 ) 
fi B dq 2 


q 2 =0 


(r 2 ), mr + (r 2 ) s „ + (r 2 ), + (r 2 ) conJ + <r 2 )„ 


(16) 


table 4 


First, we recognize, that the experimental proton and neutron magnetic radii can be 
nicely reproduced in our calculation. Throughout the whole octet, the net contribution of all 
the exchange current processes to the magnetic radii is quite small, however always negative 
(except for the S - ). Thus the cancellation of two-body effects is also seen in the magnetic 
radii of the octet baryons. We observe that the strange baryons have a slightly smaller 
magnetic size than the proton and neutron. Unfortunately, there are no experimental data 
for comparison up to now. With the present experimental errors for the nucleon magnetic 
radii, it is difficult to find clear-cut evidence for exchange-current effects in these observables. 

In this letter we have investigated the gauge invariant pion, gluon and scalar exchange 
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current contributions to the magnetic moments and radii of the octet baryons. We have 
found substantial cancellations between different exchange current contributions. Because 
we neglect various other effects, such as small anomalous magnetic moments of the quarks, 
configuration mixing, relativistic effects beyond the two-body currents included here, one 
should not expect a perfect agreement with the experimental data. Nevertheless, we stress 
again, that our results are obtained without fitting any parameter to the magnetic moments 
and the magnetic radii, but using parameters fixed by the nucleon and A-masses. It has been 
shown before, that the aforementioned cancellations between different exchange currents also 
occur, when improved wave functions (configuration mixing) are used ||. 

Naturally the question arises: Are these cancellations between various two-body cur¬ 
rents a coincidence, or is there a more fundamental reason why the cancellations are most 
pronounced just for b n ~ 0.6 frn = 329 ^ eV ~ A-? In the latter case, the baryon magnetic 
moments could provide another argument for a universal nucleon harmonic oscillator length 
of &at ~0.6 fm. This value gives a reasonable baryon size, and allows to describe the positive 
parity baryon spectrum and baryon electromagnetic observables with the same parameters. 

In summary our main result is, that the — individually large — two-body contributions 
to the octet baryon magnetic moments tend to cancel each other, when the exchange currents 
are consistently evaluated with the Hamiltonian. Therefore our results offer a possible ex¬ 
planation for the surprisingly good agreement of the naive additive quark model predictions 
with the experimental values. 
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Figure captions: 

Figure l:(a) Impulse current, (b) pion-pair current, (c) pionic current, (d) gluon-pair 
current, and (e) scalar exchange current (confinement and u-exchange). The black dots on 
the photon-quark and the photon-pion vertices indicate the finite electromagnetic size of 
the constituent quark and the pion, for which we take r 2 —r 2 =0.36 fm 2 . 
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Georg Wagner et a i., Figure 1, 

”Magnetic Moments of the Octet , Phys.Lett.B 



10 



Tables: 


bN 

m u =m d 

m u /m s 

A 

a c 

Q. s 

0.613 fm 

313 MeV 

0.6 

4.2 fm -1 

20.92 MeV fm" 2 

1.094 


Table 1: The parameters of Hamiltonian (1) for the present calculation 




Ekin 

V C onf 

^gluon 

K 

K 

rriB 

T^lexp 1 4 

p,n 

939 

497 

189 

-512 

-119 

-54 

939 

939 

A 

939 

497 

189 

-314 

-24 

-54 

1232 

1232 

E 

1148 

497 

163 

-540 

-8 

-63 

1197 

1193 

A 

1148 

497 

163 

-561 

-71 

-63 

1112 

1116 


1356 

497 

138 

-613 

0 

-74 

1304 

1318 


Table 2: The different contributions of Hamiltonian (1) to the baryon masses. All quantities 
are given in [MeV]. The experimental values represent averages over particles with different 
charge. 
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octet 

l^imp 

^gqq 

/^7T 

l^conf 

H'cr 

f^tot 

f^exp 14 

P 

3.000 

0.598 

0.149 

-1.205 

0.347 

2.889 

2.793 

n 

- 2.000 

-0.199 

-0.098 

0.804 

-0.232 

-1.725 

-1.913 

E+ 

2.867 

0.615 

0.017 

-1.003 

0.363 

2.859 

2.458 ± .010 

E“ 

-1.133 

-0.361 

0.017 

0.444 

-0.156 

-1.190 

-1.160 ± .025 


-1.467 

-0.040 

0.000 

0.349 

-0.175 

-1.333 

-1.250 ± .014 

— 

-0.467 

-0.219 

0.000 

0.028 

-0.031 

-0.689 

-0.651 ± .003 

A 

-0.600 

-0.018 

0.000 

0.116 

-0.052 

-0.554 

-0.613 ± .004 

E° -»• A 

1.732 

0.154 

0.000 

-0.278 

0.125 

1.733 

1.61 ± .08 


Table 3: Different contributions to the octet baryon magnetic moments in comparison to 
the experimental values. The first column /x imp shows the impulse result, to be compared 
with the total result (utot) and the experimental values in the last column. The second, 
third, forth and fifth column contain respectively the exchange current contributions due 
to the gluon, the pion (pion-pair and pionic part), the confinement and the cx-exchange. 
All quantities are given in n.m. /j>n= 2 The ^ ne contains the transition magnetic 
moment for the decay S° —* A. 


octet 

) imp 

( r2 )gg<! 

(r 2 )i r 

(j’ ) con f 

(r\ 

7ifr 2 )«i 

^ exp 2 

P 

0.764 

0.117 

0.132 

-0.385 

0.043 

0.819 

0.858 ± 0.056 

n 

0.853 

0.065 

0.203 

-0.430 

0.048 

0.860 

0.876 ± 0.070 

E+ 

0.702 

0.116 

0.003 

-0.303 

0.046 

0.751 


E“ 

0.683 

0.164 

-0.008 

-0.324 

0.047 

0.750 


^0 

0.706 

0.015 

0.000 

-0.206 

0.047 

0.750 


- 

0.370 

0.162 

0.000 

-0.026 

0.016 

0.723 


A 

0.763 

0.017 

0.000 

-0.172 

0.034 

0.801 


E u -»• A 

0.704 

0.048 

0.000 

-0.206 

0.026 

0.756 



Table 4: Different contributions to the octet baryon magnetic radii, and comparison with 
the experimentally available data. The notations are analogous to the ones in table ||]. All 
quantities are given in [fm 2 ], in the last two columns in [fm]. 
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